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FilopodiaDuring development neuronal cells traverse substantial distances across the developing tissue. In the mature
organism, however, they are bound to the conﬁnes of the nervous system. Likewise metastatic cancer cells
have the potential to establish auxiliary tumor sites in remote tissues or entirely different organs. The epitheli-
al–mesenchymal transition is the transformation of proliferative cancer cells into a highly invasive state, which
facilitates the crossing of tissue boundaries and migration across various environments. This review contributes
a ﬁrst look into the parallels and contrasts between physical aspects of neuronal andmetastatic cancer cells. This
article is part of a Special Issue entitled: Mechanobiology.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Even though neuronal and cancer cells have quite different purposes
in the body, both must traverse substantial distances in the body. It is
not wholly identiﬁed why neurons can only navigate within the con-
ﬁnes of a deﬁned microenvironment, while cancer cells are able to mi-
grate through diverse settings. Recent studies of these cells have
revealed some striking similarities in both form and function of these
two unique cell types; however the respective roles of these elements
have not been thoroughly considered. Here we review these different
ﬁndings and inspectwhich aspects are shared between cancer andneuro-
nal cells and how they employ these features for both dissimilar and
shared purposes. Speciﬁcally, we examine substrate effects particularly
in respect to extracellular matrix (ECM) modiﬁcations and constrictions,
intracellular mechanics, cellular pushing forces, cytoskeletal ﬁlaments,
and ﬁlopodia of neuron and cancer cells, explaining how these unique
cell types achieve their specialized purposes, while sharing a variety of
features. Thiswill provide a perspective on cellularﬂexibility in organisms
and could unite efforts in two important applied research ﬁelds across a
variety of disciplines including biology, physics, chemistry and medicine.
Neuronal cells in the developing brain of most organisms do not
come into existence pre-wired but are rather laid out in developmental
sheets of cells thatmust be correctly interconnected for proper neuronal
function. In this highly intricate process the soma, or cell body, of neu-
rons extends dendrites and axons; these are responsible for conductingobiology.electrical impulses and thereby transmit information. During pathﬁnd-
ing in the developing brain they are headed by a motile cytoskeletal
structure composed of a dense actin ﬁlament network interspersed
with microtubule (MT) ﬁlaments and a variety of motor proteins. This
dynamic neurite tip is called the growth cone and is responsible for
seeking out the neuron's synaptic target. Neurites navigate through
dense and heterogeneous tissue, which requires a highly specialized
motility apparatus [1]. The distinctive combination of long-range navi-
gation through a crowded and diverse environment and their shared
developmental aspects are bridging the extremes between metastatic
cancer cells and neurons.
When cancer cells spread from their primary tumor to propagate in re-
mote tissue they formmetastases, which is the cause of approximately 90%
of cancer-related fatalities [2]. For cancer cells to metastasize several phys-
ical changes are required. Initially they have to obtain a migratory pheno-
type and invade adjacent tissues, while chemotaxis leads them to blood
vessels. Here they have to penetrate the compact basement membrane
ECM by forming protrusive processes with ECM-degrading function and
enter the surrounding endothelial cell barrier in order to intravasate into
the lymphatic or blood vessels for transport to remote organs or tissues [3].
While cancerous cells can migrate in diverse surroundings, believed
to be attributed to their various potential motility modes during the
epithelial–mesenchymal transition (EMT), neurites are constricted to
the conﬁnes of the nervous system.
2. Substrates
Contrary to most other cell types neurons actually prefer to extend
on softer over stiffer substrates (Fig. 1, A), but depending on the nervous
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thereby need to adapt their biomechanics to their surroundings [4].
An example of this can be seen in a study comparing dorsal root gan-
glion (DRG) cells as a model for the peripheral nervous system (PNS)
and hippocampal neurons, which represent neurons of the central ner-
vous system (CNS). It is observed that DRG neurons produce the longest
extensions on substrates with a stiffness of ~1000 Pa while higher and
lower elasticities reduce outgrowth, whereas hippocampal neurons
have a neurite length independent of substrate stiffness. DRGs on soft
substrates generate signiﬁcantly higher forces, while exhibiting greatly
reduced retrograde ﬂow rates and stronger cytoskeletal substrate cou-
pling, yet both types of neurons increase their traction forces on stiffer
substrates [5].
A similar adaption has also been found in cancer cells, where a vari-
ety of cancer cell lines could be categorized as either substrate rigidity-
dependent or independent. Substrate stiffness-independent cell lines
exhibited no change in growth rate, whereas dependent cell lines
displayed increased growth,migration and spreading on stiffermatrices
(Fig. 1, B). This stands in stark contrast to other cell types like epithelial,
smoothmuscle and ﬁbroblasts that are reliant on a narrow range of stiff
substrate elasticity for growth. Some of the cell lines that showed a
rigidity-dependent growth proﬁle even adapted various hallmarks of
the invasive mesenchymal phenotype on stiffer substrates [6].
A possible purpose for this selective behavior is suggested by inves-
tigating the originating tissue of these cells, as it has been shown that
single cell populations of the MBA-MD231 breast cancer cell line pro-
vide characteristic cellular feedback dependent on substrate rigidity.
These cancer cells exhibit increased proliferation and invasiveness on
substrates with an elasticity and coating comparable to their in vivo
metastases sites, an effect known as tissue tropism, suggesting that
part of site-speciﬁc invasion is determined by local substratemechanics
[7].
Glioblastoma multiforme a highly aggressive cancer of the CNS dis-
plays behavior resembling both cancer and neuronal cells depending
on ECM rigidity. At low rigidity close to brain tissue (80 Pa) these cells
resemble neurons, are largely non-proliferative and display littlemigra-
tion. On stiffer substrates, these cellsmultiply ﬁve-times faster and their
migratory speed increases drastically, likely as a result of their transfor-
mation from a uniformly rounded morphology with nonfunctional
ﬁlopodial extensions to a spread and crawling cell [8].
This increased activity on more rigid substrates is also observed in
various carcinoma cells: in hepatocellular carcinoma proliferation is in-
creased up to 12-fold on 12 kPa versus 1 kPamatrices, depending on cell
type. Treatment with apoptosis-inducing chemotherapeutic drugsFig. 1. Diverse motility modes. A) The soft environment on which neurons grow transforms m
static soma. This does not affect growth cone mobility, since it is from this stationary point that
B)On stiff substrates less energy is transferred into substrate deformation,which results in highl
they enter an immobile but highly proliferative state.showed reduced apoptotic behavior for cells cultured on stiff substrates;
however cells cultured on soft matrices had a signiﬁcantly increased
frequency of clone-initiation, a measure of a cell's ability to proliferate
indeﬁnitely, pointing to the fact that non-rigid substrates elicit stem
cell characteristics in these cells [9].
Increased substrate rigidity can not only stimulate proliferation and
chemotherapeutic resistance but also increase cell forces independent
of cell spreading, given that the overall net traction forces of both met-
astatic cells and non-metastatic cells are higher on surfaces having
tumor-like stiffness (5 kPa). This could render cell force generation to
be a potential candidate as a biomechanical marker for metastatic
potential; since metastatic cells exert signiﬁcantly greater forces than
non-metastatic cells, contractile forces can reﬂect themetastatic pheno-
type and may function as an in vitro diagnostic [10].
Not all features discussed here might be applicable to cells in 3D
in vivo or in vitro environments, since it is plausible that cell form and
function might change substantially in this setting.
3. Conﬁnement
Apart from substrate rigidity, other environmental cues transform
the motility of neurons and cancer cells. A prominent example of this
is the neuron migration along radial glial cells during neurogenesis.
This exceptional pathway allows neurons to reach their precise target
neuronal layers via enveloping of glial ﬁbers with a leading process,
composed of lamellipodia and short ﬁlopodia, while the cell assumes a
bipolar form and connects the soma to theﬁber. This soma-basedmove-
ment is quite remarkable since neurons in the adult mammalian brain
are usually rather stationary, whereas only neurites rearrange them-
selves [11].
An analogous phenomenon can be observed in certain types of
cancer cells whose motility seems to be guided by collagen ﬁbers. Met-
astatic variations of these cells appear to migrate towards blood vessels
and intravasate to eventually form secondary tumors [3]. ECM ﬁber
alignment thus creates motility paths for both neurons and cancerous
cells to migrate in a directed way.
In vitro similar tracks for cells can be artiﬁcially constructed by cre-
ating patterns ranging from 1.5 to 12 μm in grooves, to which various li-
gand proteins can be applied, which then make up guidance channels.
Conﬁning growth cones to these narrow channels of different widths
does not alter their movement speed, even though their size adjusts to
the channel width. They do however respond to immediate changes
in their surroundings, as their extension speed temporarily increased
in the nodes between conﬁnement channels. Growth and curiouslyost of the motile forces exerted by the cell into substrate deformation resulting in a fairly
stiff microtubules extend into the neurite to provide the pushing forces for translocation.
ymotile cancer cells. Not depictedhere is the case of cancer cells on soft substrates inwhich
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dundant in such conﬁnements [12]. In contrast to this both ﬁbroblasts
and epithelial cells showed a signiﬁcantly increased migration velocity
along comparable tracks. The transition to a uniaxial phenotype is the
most probable cause for this speed increase, as protrusion is no longer
hindered by inefﬁcient trailing edge retraction as is the case for well-
spread cells [13].
Similarmicro-architectures have also been employed to evaluate the
motile and invasive response of cancer cells. An assay to evaluate the
two possible polarization states permeation (i.e. entering a narrowing
channel) and repolarization (i.e. turning around) by analyzing cell mi-
gration from large 15 μm into 4 μm channels in various tapering gradi-
ents revealed that highly metastatic cells have a more permeative
nature than their non-metastatic siblings in steep gradients. There is
however also an innate phenotypic heterogeneity of invasiveness in a
single cell population, since one cell line displays subpopulations of per-
meating and repolarizing nature [14].
These highly compressive microenvironments induce a compressive
stress within tumor cells and it has been shown that this can facilitate
tumor progression. Cells can undergo a phenotype transformation
under compression; whereby they actively adapt their morphology to
the intracellular stresses generated by cellular distortions as a result of a
changing external matrix. This metamorphosis manifests in leader cells
that have larger contact areas and more pronounced ﬁlopodia, which
leads to increased outgrowth and stimulated collective migration [15].
Recognizing that both neurons, depending on their developmental
state, and cancer cells can adapt to and exploit environmental rigidity,
a connection between these environmental cues and the innerworkings
of cells has to be established.
4. Pushing forces and intracellular mechanics
Having established that neurons show increased outgrowth on sub-
strates mimicking their softer in vivo environmental stiffness the ques-
tion arises of whether neurons of the CNS are conﬁned to its boundaries
or have the ability to invade the PNS. An investigation of retinal ganglion
cells and the growth cones of NG108-15 neuroblastoma cells revealed
that their forward pushing forces are not sufﬁcient to penetrate stiffer
tissues. AFM measurements also exposed that these neurons are very
soft structureswith a Young'smodulus of ~37 Pa and 80 Pa respectively,
which is simply not stiff enough to withstand the involved pressure, as
they operate at their structural limit and higher forces could tear them
apart. Since brain capillary endothelial cells are a magnitude stiffer
than neurons, endothelial cells pose a physical obstacle. Conversely
the white and gray matter of the brain have similar elasticities to neu-
rons, provide a much more compliant and thus permeable substrate
for neurons [16,17].
The cell motility reaction to these environmental mechanics is
revealed in the force–velocity relation, which describes how the cell
velocity changes in response to a physical force restraining the cell in
the following phases: initially the velocity decreases upon ﬁrst surface
contact with the resisting force; as this force is increased, the velocity
continues to decrease exponentially until the stall force is reached, at
which point cell movement stops. To understand this force–velocity
relationship the underlying dynamics of the actin cytoskeleton have to
be considered: ﬁrst even small forces are sufﬁcient to drastically slow
down actin-polymerization driven lamellipodium motion, while acto-
myosin driven contraction in the back still moves the cell forward. In
consequence ﬁlaments in-between these regions bend and shorten,
which cascades into a stronger conveyed forces towards the back exem-
pliﬁed through increased retrograde actin ﬂow which compensates for
polymerization in this halted state. In consequence this lamellipodial
stiffness adaption via ﬁlament length tuning assures that external forces
can be attuned for in the course of navigation, since the adjustment rate
is set by the ﬁlament cross-linking rate which is comparable to the cell
speed [18].This dynamic remodeling of the actin cytoskeleton is also a prerequi-
site for metastasis, where an all-encompassing modiﬁcation of cellular
function is necessary to adapt its states ofmigration, invasion, in/extrav-
asation at deﬁned points in carcinogenesis. During relatively unob-
structed migration a dense network of shorter actin ﬁlaments
branched in 70° is far more dynamic to deal with obstacles as ﬁlaments
can bend away and still polymerize rather than being stopped head-on
as would be the case for perpendicularly-oriented ﬁlaments like those
found in ﬁlopodia. Filopodia however become instrumental when pen-
etrating the environment such as discovering optimal adhesion targets
when navigating through a dense 3D cell layer. In these environments
ﬁlopodia and, their ECM degrading siblings, invadopodia become virtu-
ally indistinguishable and a combination of sensory action to identify
optimal pathﬁnding and consequent ECM degradation through prote-
ase delivery in their tips can ensure successful tissue invasion [19].
In fact this adaptiveness of the actin ﬁlaments making up the
lamellipodium accounts for a wide variety of motion seen throughout
most eukaryotic cells. These lamellipodial dynamics differ strongly in
different cell types ranging from strong stochastic ﬂuctuations at the
lamellipodial edge between protrusion and retraction phases in growth
cones, reduced ﬂuctuations in wound healing ﬁbroblasts, and almost no
ﬂuctuations in highlymotile ﬁsh keratocytes. In order to achieve this in-
credible range ofmotile states in different cells the lamellipodiumneeds
to stochastically switch between an engaged and disengaged ﬁlament
polymerization, as well as change the rate of polymerization and retro-
grade ﬂow. The large amount of ﬂuctuations in neuronal growth cones
allows for superior probing of its environment and the detection ofmin-
iscule amounts of guidance cues, by quickly transforming its cytoskele-
ton to correct for guidance errors [20].
Following nerve injury growth cones soften and increase in area
accompanied by a reduction in actin content and increase in tubulin,
ultimately resulting in increased regenerative outgrowth rates [21].
Highly metastatic cancer cells also harbor a less dense cytoskeleton
and have a softer microenvironment compared to less invasive or
benign cells. An evaluation of intracellular particle transport exposed
increased particle motion powered by active processes as well as in-
creased particle ﬂuctuations [22]. Novel measurements of aggregate
forces in the cytoplasm of benign and malignant breast cancer cells via
force-spectrum-microscopy indicate that malignant cells not only
have a ~30% smaller cytoplasmic stiffness, but also exhibit three times
higher intracellular forces. This increased cytoplasmic activity, actuated
through molecular motor activity, corresponds well to the observation
of increased proliferation and higher traction forces in malignant cells
[23]. These properties render metastatic cells highly dynamic, a cyto-
skeletal prerequisite for the invasive tasks required during tissue inva-
sion, in carrying out massive morphological changes.
Generally cancer tissue is much stiffer than benign tissue; however,
individual cancerous cells are much softer. Likewise magnetic tweezer
measurements showed that more invasive cancer cells are up to
ten-times more compliant than their non-invasive equivalents.
Cancer cells of a given tumor population also possess different rigid-
ities possibly suggesting a diverse array of roles in tumor progres-
sion. Furthermore application of pharmacological substances to
increase/decrease cell stiffness also leads to less/more invasive
potential [24,25].
Immense cellular changes also occur during the EMT where epithe-
lial tumor cells de-differentiate, undergo vast morphological changes,
and take on a motile and invasive phenotype. This transformation is
complemented by improved resistance to many forms of cell death
and aging, rendering it indispensable for the initiation of new tumors
[26].
5. Microtubules
All of these morphological transformations and reactions are
powered by the cell cytoskeleton, where research has for many years
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MTs are also crucial for proper cell function. In Drosophila neurons
MTs have been shown to be absolutely critical for the initial outgrowth
of developing neurites. Neurite elongation has been assumed to be
powered by a combination of pushing through MT polymerization and
pulling by actin-related mechanism; though, initial extension is solely
driven by MT sliding through kinesin-1 molecular motors [27].
Another essential MT-associated motor protein is dynein, which has
recently been shown to bulk push the MT cytoskeleton forward during
axonal elongation and its disruption leads to a substantial increase in
neuronal tension and induces retraction [28]. One conceivable way the
motor proteinmight achieve this is through the capture and subsequent
pushing of MTs at the cell-cortex. The directional sliding of MTs is pos-
sible due to a very high turnover of dynein-complex associations
which enjoy a very high probability of interacting with short MTs [29].
Super-resolution imaging revealed that forward translocation of the
MT network by cortical actin association is vastly dependent on calcium
activity, which seems to be a vital contribution to the process of
nucleokinesis that makes up soma-based neuron migration [30].
However precisely this close cytoskeletal association between actin
and MTs can also result in growth cones coming to a resting state or
even retracting. When folding ﬁlopodia in the periphery conﬁne the
MT extension machinery and conﬁne their expansion in the growth
cone, neurite advancement goes into an intermediate-term mode of
growth regulation [31]. In this process and during general phases of
growth conemotilityMTs are bent signiﬁcantly and ananalysis of defor-
mation and buckling behavior has disclosed that the stored bending en-
ergy contributes signiﬁcantly to the total protrusion force. Local
variations of stored bending energy and deviations in MT orientation
and consequent interferencewith retrograde ﬂow also appear to direct-
ly inﬂuence navigational growth cone extension (Fig. 2, A) [32].
In cancer cells MTs are a compelling target for chemotherapy since
they are imperative to the process of mitosis and cell division and a va-
riety of drugs have been used to target their dynamics. The rapid course
of mitosis requires highly dynamic MTs during all stages of its cycle and
research has shown that even low concentrations of antimitotic drugs
can suppress these dynamics without altering overall MT mass or
even target the vascular blood supply of tumors [33].
In invasive cancer cells the formation of ventral membrane pro-
trusions such as invadopodia has been implicated in cell invasion.
An investigation on the invasiveness of breast cancer cells in 3D
Matrigels revealed the emergence of short protrusions, reminiscent
of invadopodia, and long protrusions which seem to originate from
their smaller siblings. Tubulin monomers were only found in longer
protrusions and treatment with a MT-stabilizing agent suppressed
their formation and also decreased cell invasiveness all the while
leaving invadopodia intact [34].Fig. 2.Different uses forﬁlopodia (indicated in yellow). A) In this illustration of a neuronal grow
with ﬁlopodia or bendby the retrograde ﬂow.When polymerizingMTs reach the edge they cont
store bending energy, as denoted by the large spring, anddrive actin polymerization leading to e
do not reach as far into the periphery, leading to less deformation and consequently less stored e
growth cone. B) In cancer cells ﬁlopodium-like protrusions serve not only as wedge-like force
metalloproteinases secretion (indicated through green ellipses) which break down the basemeThis suggests that MTsmight play a crucial role in later phases of in-
vasion, while invadopodia are vital early on. A recent innovative study
employed low doses of a MT-stabilizing agent, usually used in cancer
treatment, to reduce scarring after spinal cord injury in rodents. The
drug activated MT polymerization in the tip of the neurite and simulta-
neously reduced scar formation by inhibiting meningeal ﬁbroblast mo-
tility. The combination of these effects reinitiated neuronal polarization
and axon extension through the now less inhibitory glial scar tissue
resulting in a functional treatment of the injured CNS [35].
6. Intermediate ﬁlaments
The role of actin andMT ﬁlaments inmigration through dense tissue
is relatively well understood, while the contribution of various interme-
diate ﬁlaments remains to be identiﬁed. Intermediate ﬁlaments might
not contribute directly to cellular locomotion; however, recent ad-
vances revealed that they serve auxiliary functions in invasion during
EMT of cancer cells. Members of the keratin and vimentin family and
speciﬁcally their co-expression have been implicated in stimulation of
invasive and metastatic capacity in melanoma and breast cancer [36,
37]. Specially-engineered keratin-free murine keratinocytes astonish-
ingly show roughly 60% higher deformability and are far more invasive
than wild-type keratinocytes. These results are particularly fascinating
when taking into account that during the EMT keratins are down-
regulated, while vimentin is up-regulated and cancer cells adopt an in-
vasive migratory behavior [38]. While the systemic keratin/vimentin
switch is necessary for metastatic behavior in cancer cells, neuron-
speciﬁc intermediate ﬁlaments could similarly be a secondary factor
for proper function. In neurons intermediate ﬁlaments are the most
abundant cytoskeletal element in the form of neuroﬁlaments, which
far exceed the number of MTs. These ﬁlaments ﬁll a pivotal role in
expanding the width of mature axons and increasing neurite conduc-
tion velocity [39–41].
7. Filopodia
In tumor metastasis one cellular structure consistently gains more
infamy within the scientiﬁc community, invadopodia. This unpleasant
cousin of the ﬁlopodia is also a ﬁngerlike membrane protrusion that is
formed on the ventral surface of cancer cells. One of its functions is to
focus matrix metalloproteinases which are used to break down the
basement membrane, which forms the barrier between epithelial and
stromal compartments. Overpowering this boundary is crucial in the es-
tablishment of metastases of remote organs: after invadopodia form
they intrude into the basement membrane, extend and mature, and
eventually guide the cell into the subsequent compartment (Fig. 2, B).
The development of these structures is a three-step process that initiallyth coneﬁlopodial density is increased on the right and comparativelymoreMTs are aligned
ribute directly to extension.When they oppose the retrograde ﬂow and get deformed they
dge extension. On the left side fewerﬁlopodia provide structural guidance toMTs and they
nergy. The combination of these effects leads to a net advancement on the right side of the
mediators to squeeze through their microenvironment, but also as focal points for matrix
nt membrane to facilitate intravasation.
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associated proteins, while later outgrowth is reliant on ﬁlopodial actin
and once matured MTs and vimentin are required to augment extension
[42]. Alternative proteolytic arrangements are formed in the situation of
3D tissue invasion. Pseudopods are located anterior to the leading edge,
while small actin-rich protrusions develop transiently on the lateral cell
body. This zone partition indicates an archetype of proteolytic-based cell
migration in which adhesion and traction to the ECM is established by
the cell front, while the neighboring zones of proteolytic structures
degrade the ECM [43].
After induction of the EMT in human carcinoma cell lines their cell
motility as well as adhesion to 2D substrates was increased, while in
3D cultures their growth rate was diminished. They did however devel-
op invasive protrusions that were mostly supported by MTs, similar to
those found in stable EMT cells, which were not blocked by matrix me-
talloproteinases inhibitors [44]. The secretion of these matrix degrading
enzymes allows invadopodia to spatially expedite the rearranging of
ECM ﬁbrils, which makes room for motility tracks that promote 3D
cell migration. When this ability is blocked invadopodia become func-
tionally similar to ﬁlopodia and cells are forced to wedge themselves
through the ﬁbrils similar to amoeboid motion, thereby encountering
intense deformations on their cytoskeleton and nucleus (Fig. 2, B) [45].
In fact an increased amount of ﬁlopodial extensions is a characteris-
tic of invasive carcinoma cells, which can also be enhanced by upregula-
tion of theﬁlopodial actin bundling protein Fascin. Increased expression
of Fascin correlates with higher invasivity and consequently higher oc-
currences of metastases and poor prognosis for patients. Upregulating
Fascin presence also increases motility in both regular and cancer cells
through its actin bundling abilities which generates ﬁlopodia and
long-spiky actin protrusions (invadopodia) [46]. Other ﬁlopodium-in-
ducing proteins like Formins, WAVE proteins, the ENA/VASP protein
family and the Arp2/3-complex are expressed in a variety of cancer
cells and have also been implicated in cancer progression and invasion
into 3D environments through their synergistic effects in ﬁlopodia
formation [47].
Characteristic ﬁlopodial features such as length and density also
seem to be affected by substrate rigidity in cancer cells. When cultured
on softer environments they retract at a slower rate and thereby form
more and longer ﬁlopodia, this seems to be regulated by myosin II con-
tractile activity which intensiﬁeswith increasing substrate stiffness. The
adaption of more pronounced ﬁlopodia in softer surroundings allows
cancer cells tomore thoroughly probe for environmental cues inmigra-
tion, while cells in harder regimes can conserve this energy for alterna-
tive tumor-related tasks such as division and malignant transformation
[48].
Astonishingly neurons were recently also found to form actin-
based protrusions that were structurally and functionally similar to
invadopodia. Their structures extended radially alongside microtu-
bules within the central growth cone domain. In in vitromotoneuron
axons they employ a variety of matrix metalloproteinases in their
tips for local matrix degradation to exit the spinal cord and grow
out into the periphery [49].
Naturally neurons employ ﬁlopodia as a pathﬁnding feature for their
ability to sense guidance molecules through inherent receptors, this
then triggers attractive/repulsive responses through cytoskeletal reor-
ganization. In mice lacking focal adhesion kinase, which mediates N-
WASP as an actin nucleation-promoting factor, ﬁlopodial motility is
disturbed which impairs their outgrowth, morphology, neuronal con-
nectivity and function [50]. However while navigation is slowed in
growth cones lacking ﬁlopodia it is not completely abolished, which is
also the case for some other cell types that naturally employ ﬁlopodia
[51]. Retarded neurite outgrowth also occurs naturally when RGCs
undergo a developmental switch in growth cone dynamics after birth.
An increased ﬁlopodial adhesion and decreased lamellar protrusion
area severely limits their growth rate through the introduction of
inactive states when pausing or retracting [52].Just how important ﬁlopodia are for guided neurite extension is
illustrated in our measurements of their distribution and density in
turning events of NG108-15 neurites, where more than twice the num-
ber ofﬁlopodia extendedon the turning side of the growth cone. This ef-
fect is likely mediated by the mechanical interactions of MTs and
ﬁlopodia in the periphery (Fig. 2, A). When the ﬁlopodial density is in
the concentrated regime (for rigid-rods) on the extending side of the
growth cone spontaneous alignment occurs due to volume exclusion ef-
fects, because ﬁlopodia have roughly the same bending rigidity as MTs
and can be assumed as rigid-rods.
8. Concluding remarks
This review provides a ﬁrst look into the similarities and differences
between physical aspects of neuronal and cancerous cell lines. Due to
the complexity and range of involved systems this is not a comprehen-
sive comparison, but is intended to begin a discussion on the valuable
lessons that might be learned from comparing these unique cell types
in the course of their development.
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